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E-mail address: dieter.blaas@meduniwien.ac.at (DX-ray structures of human rhinovirus 2 (HRV2) in complex with soluble very-low-density lipopro-
tein receptors encompassing modules 1, 2, and 3 (V123) and ﬁve V3 modules arranged in tandem
(V33333) demonstrates multi-modular binding around the virion’s ﬁve-fold axes. Occupancy was
60% for V123 and 100% for V33333 explaining the high-avidity of the interaction. Surface potentials
of 3D-models of all minor group HRVs and K-type major group HRVs were compared; hydrophobic
interactions between a conserved lysine in the viruses and a tryptophan in the receptor modules
together with coulombic attraction via diffuse opposite surface potentials determine minor group
HRV receptor speciﬁcity.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Human rhinoviruses (HRVs) are the main cause of the common
cold. As picornaviridae they are icosahedral, 300 Å in diameter
and composed of a protein shell and a single stranded, (+)-RNA
genome. The capsid is built from 60 copies each of four proteins
VP1, VP2, VP3, and VP4 [1]. Eighty seven HRVs, the major group,
bind intercellular adhesion molecule 1 (ICAM-1) for cell entry,
while 12, the minor group, attach to low-density lipoprotein recep-
tor (LDLR), LDLR related protein, and very-LDLR (VLDLR) [2]. The
receptor(s) of some recently identiﬁed HRVs tentatively classiﬁed
as ‘‘HRV-C” are not known [3].
ICAM-1 possesses ﬁve Ig-like domains, whereas the ligand-
binding domains of LDL-receptors are composed of several imper-
fect direct repeats (modules) about 40 amino acids in length; these
contain three disulﬁde bonds and a conserved cluster of acidic res-
idues near the C-terminus coordinating a Ca2+ ion. Due to the com-chemical Societies. Published by E
. Blaas).paratively higher afﬁnity of VLDLR for HRV2 most of the
experiments have been carried out with this combination [4–7].
The 3D structure of a complex between a protein comprising
modules 2 and 3 (V23) of VLDLR and HRV2 [8] demonstrated bind-
ing to the ﬁve-fold vertex via one module per viral protomer. It
suggested that the two modules attached simultaneously to two
symmetry-related sites via their acidic residues and a tryptophan
strongly conserved within the LDLR family. The receptor footprint
on the virion includes residues from VP1, in particular a lysine
present in all minor group HRVs. Hydrophobic and ionic interac-
tions appeared to be the basis of virus-binding.
Extending these previous studies we now present the 3D-
structures of complexes between HRV2 and receptors encompass-
ing the N-terminal three repeats of VLDLR (V123) and concate-
mers of 5 copies of repeat 3 (V33333). Comparison conﬁrms the
unique role of the tryptophan (in the receptor modules) and the
lysine (at the surface of VP1) in virus-binding. The results also
provide proof for the high-avidity of the interaction resulting
from simultaneous binding of several modules. It indicates how
the high ﬂexibility and adaptability of LDL-receptors allows for
recognition of twelve HRV types exhibiting no obvious conserved
binding motives.lsevier B.V. All rights reserved.
Table 1
Data collection and model statistics.
HRV2–V123 HRV2–V33333
Data collection
No. of crystals 315 3
Crystal handling Mounted in capillaries Frozen (20% glycerol)
Space group P21221 P43212
Unit-cell parameters (Å) a = 313.2, b = 348.8, c = 380.9 a = b = 498.1, c = 658.4
Unique reﬂections 207678 777511
Resolution (Å) 3.5 3.0
Rmerge (%) 21 19
Completeness (%) 41.4 48.3
Reﬁnement
Data range 20–3.5 20–3.5
Refections (F > 2r (F)) 131988 588726
R-factor (%) 27.9 42.0a
Asymmetric unit content
Virus protomers 780 780
Receptor modules 21 42
Averaged temperature factors (Å2)
Virus residues 17.3 22.5
Receptor residues 67.8 22.5
a From rigid body reﬁnement.
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2.1. Crystallization and data collection
HRV2, V123, and V33333 were prepared as described [5,8,9].
Upon incubation of virus with the respective receptors at a molar
ratio of 1:120 overnight at 4 C in a vapour diffusion chamber
two different crystal forms were obtained. HRV2–V123-crystals
diffracted to 3.5 Å, but decayed during single exposures; the data
set was collected at the ESRF beamlines ID14.2 and ID14.4 from
315 crystals mounted in sealed capillaries. Completeness was only
41% (Table 1). HRV2-V33333-crystals were cryo-protected by
soaking for 1 min in crystallization buffer containing 20% (v/v)
glycerol and ﬂash-cooled to 77 K; data were also collected at the
ESRF (beamline ID14.2). Three crystals gave a data set with 55%
completeness to 3.0 Å. Diffraction images were processed using
DENZO [10] (Table 1).
2.2. Structure determination
HRV2–V123-crystals, with a primitive orthorhombic space
group, were almost isomorphous to crystals of the HRV2–V23 com-Fig. 1. The 3.5 Å-averaged electron density maps (contoured at 1r) of one receptor mod
grids. The view is downwards a ﬁve-fold axis onto a viral pentamer which is depicted a
shown as red sticks. Note the star-like appearance of the viral vertex and the dome at tplex [8] suggesting the same packing, which was also related to the
previously found body-centred I222 cell for HRV2 [11]. For consis-
tency with the unit cell axis used for the HRV2 crystals, a P21221
non-standard space group was chosen for the crystals of the
HRV2–V23 complexes [8] and here for the HRV2–V123 crystals.
In these P21221 crystals one of the icosahedral two-folds had to
coincide with the crystallographic two-fold on cell axis b, leaving
half a virus particle in the crystal asymmetric unit. Therefore, posi-
tioning of one of the HRV2 particles in the unit cell had only two
degrees of freedom: translation along and rotation around the b
axis. Systematic searches with CNS [12] using the coordinates of
HRV2 gave a translation of 86.6 Å and a rotation of 1.6 for the
HRV2–V123 complex. Then, 2Fo-Fc maps were calculated to 3.5 Å
and used as starting point for cycles of 30-fold non-crystallo-
graphic averaging and solvent ﬂattening with GAP [13]. The aver-
aging masks included the regions presumed to correspond to the
receptor, based on the information available from the HRV2–V23
complex [8], and covered the whole asymmetric unit. The resulting
maps clearly showed extra density corresponding to one receptor
module per viral protomer, bound close to the icosahedral ﬁve-fold
vertex, as in the HRV2–V23 complex [8]. However, the 3.5 Å-aver-
aged density of the HRV2–V123 complex was less well deﬁned and
only residues in close contact with the virus (Ile5 to Ser9, Gln16 to
Cys30, and Cys3-S-S-Cys17, using numbering of V3) were seen in
the initial maps (Fig. 1). Since it was not possible to determine
which module (V1, V2 or V3) was bound, we used the V3 sequence
to model the density. TURBO [14] and O [15] were used for inter-
active model rebuilding.
Reﬁnement was then started with CNS [12] applying non-crys-
tallographic symmetry constraints and bulk solvent correction,
using data in the resolution shell 15.0–3.5 Å. The 2Fo-Fc maps were
again iteratively improved by density modiﬁcation cycles using
updated averaging and solvent masks, to a ﬁnal correlation coefﬁ-
cient of 0.75 for the HRV2–V123 complex. Iterative positional and
temperature reﬁnement using CNS was alternated with manual
model rebuilding.
The crystals of the HRV2–V33333 complex belonged to the
tetragonal P43212 space group, despite grown under the same con-
ditions as used for the HRV2–V23 and HRV2–V123 complexes. The
structure was solved by molecular replacement with AMoRe using
HRV2 coordinates as searching model. The crystal asymmetric unit
contains the two halves of two different virions, with one crystal-
lographic two-fold axis coinciding with one icosahedral two-fold
axis for each of the virion particles in the unit cell. This model
was then subjected to rigid body reﬁnement with CNS orule from V33333 (left) and from V123 (right) per viral protomer are shown as blue
s grey sticks. The atomic models of the receptor modules attached to the virus are
he centre carrying the receptors.
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tallographic symmetry with DM [16]. The last cycle of averaging
yielded a correlation coefﬁcient of 87.7% and an R-factor of
32.1%. Again, the maps showed extra density at the ﬁve-fold vertex
accounting for one receptor module per viral protomer. The struc-
ture of the receptor module in the HRV2–V23 complex ﬁtted well
the HRV2–V33333 density. Both models included also a fatty acid
in the hydrophobic pocket of VP1. Reﬁnement statistics for both
structures is shown in Table 1. The atomic coordinates of the
HRV2–V33333 complex have been deposited in the Protein Data
Bank (PDB ID 3dpr).2.3. Homology modelling
Models of V1 and V2 were generated with Swiss Model [17]
using the published X-ray structure of V3 as template. Electro-
static potential surfaces of VP1 and the symmetry-related VP10
were calculated using two different approaches: (i) VP1 sequences
were aligned with ClustalW (http://www.ebi.ac.uk./clustalw/) and
VP1 models were automatically generated with SwissModel [17]
using the available coordinates of HRV2 and HRV1A and the re-
lated major group virus HRV16 as templates. BC, DE and HI loops
of the models were rebuilt manually using TURBO to ﬁt the main
chains as well as possible to the crystal structures of templates.
The electrostatic potential surface was calculated using GRASP.
(ii) VP1 targets were modelled by using the coordinates of
HRV2 with the 70 N-terminal residues and the 35 C-terminal res-
idues removed, since they do not belong to the VP1 core. Se-
quence alignment was performed with TCoffee [18], 3D-models
were built with Modeller [19], and each model was optimized
with MINIMIZE of the TINKER software suite (http://dasher.wus-
tl.edu/tinker/). The homology models were superposed onto
VP1–VP10 of HRV2 with DALI [20]. This set of assemblies was
again optimized with MINIMIZE and superposed onto the experi-
mental structure of the V23–HRV2 complex. The receptor module
plus the two copies of VP1 were again energy-minimized. Solvent
accessible surfaces were computed with Pymol [21] and electro-
static potential maps with APBS [22]. Surfaces and their electro-
static features are represented as semitransparent objects (40%
transparency) superposed onto each other.Fig. 2. Interactions between VLDLR modules V3, V2, and V1 and HRV2–VP1
residues based on the previously reported X-ray structure of the HRV2–V23
complex. Residues in the BC, DE, and HI loops of two adjacent copies of VP1 (shown
as cartoon representation in dark blue and light blue, respectively) are depicted as
sticks with atom types. The receptor modules are represented as worms with the
residues interacting with VP1 depicted as sticks with atom type. Residues in V2 and
V1 that are different from those in V3 and presumably responsible for lower afﬁnity
binding are in red.3. Results and discussion
For the previously solved structure of the HRV2–V23 complex, it
was not possible to discriminate between ﬁve copies of the receptor
molecule being bound per viral pentamer via one single module or
via twomodules of the samemolecule. The latter attachment mode
is consistent with the observed 80% occupancy (4 sites occupied by
two copies of V23 and one site left free). Based on the strong in-
crease in virus neutralization by soluble V3-concatemers with
increasing numbers of modules we already favoured the latter
model [8]; this was further supported by more recent experiments,
i.e. Biacore [9] and ﬂuorescence correlation spectroscopy [23] mea-
surements demonstrated strong increase in binding avidity with
the number of modules in the molecule. Furthermore, the stoichi-
ometry of virus-receptor complexes determined by capillary elec-
trophoresis yielded a ratio of 1:12 suggesting that 12 copies of
V33333 were bound to the 12 viral vertices [6]. These results indi-
cated that ﬁve VLDLR modules might attach to the ﬁve symmetry-
related VP1 epitopes at the ﬁve-fold axes. V33333 was thus ex-
pected to bind in a highly ordered way allowing for structure deter-
mination at high resolution. On the other hand, we reasoned that
the complex between V123 and HRV2 might better mimic attach-
ment of natural receptors that are composed of several similarbut not identical repeats. These reasons prompted us to determine
the structure of these two virus-receptor complexes.
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axis of HRV2
In the HRV2–V33333 crystals the asymmetric unit contained 60
protomers corresponding to the two halves of two different virus
particles. For each virion one of the icosahedral two-fold axes coin-
cides with a crystallographic two-fold, which leaves only two de-
grees of freedom for the positioning of each virion within the
crystal (Table 1).
In the HRV2–V33333 maps (Fig. 1, left panel) extra density not
accounted for by HRV2 was interpreted as one receptor module per
viral protomer [8]. The structure shows an interface with viral res-
idues projecting from the BC, DE, and HI loops contributed from
two adjacent VP1 subunits contacting each receptor module. The
interactions are equivalent to those in the HRV2–V23 complex
[8]. HRV2 interacts with Gln16, Trp22, and Asp25-Gly-Glu-Asn-
Asp29 of the acidic cluster. Hydrophobic interactions are estab-
lished between the side chain of Trp22 and the aliphatic part of
the Lys1224 side chain, the side chain of Ile1226 (both in the HI
loop), and Leu1132 in the DE loop of the adjacent VP1 subunit.
Glu27 forms hydrogen bonds with the main chain nitrogen atom
of Ala1087 and Asn1088 in the BC loop. Asn1088 also forms a salt
bridge with Lys1224 that interacts, via its e-amino group, with the
acidic cluster, in particular with Asp29. Gln16 is hydrogen bonded
with Thr1085 and Leu1132, located within the BC and HI loops of a
second copy of VP1 in the neighbouring protomer. The most
important interactions between virus and V3 are depicted in
Fig. 2, upper panel.
From the difference of the density values in the electron density
map for virus and receptor modules, receptor occupancy was esti-
mated to be close to 100%. Therefore, V33333 forms a ring-like
structure when attached around the ﬁve-fold symmetry axis of
the virion (see Fig. 1). It is remarkable that the short spacers be-
tween the modules were disordered, indicating great ﬂexibility
allowing for the optimal positioning on the viral surface. Extension
of each of the four linkers by one or two glycines via in vitro muta-
genesis did not lead to any appreciable change in avidity toward
HRV2 (data not shown). This indicates that the wild type sequence
is already optimally adapted for strainless attachment of adjacentFig. 3. Average of the surface potential of all receptor-binding minor group viruses (d)
transparent models. (a) Ribbon view of the receptor; (b) solvent accessible surface of the
indicated by the vertical bar; (d) averaged potential surface of the receptor-binding regi
averaged potential surface of the corresponding region of K-type HRVs unable t
white = neutral).modules. Our results agree with the data of virus neutralization as-
says mentioned above [9] showing that concatenation of V3 sub-
stantially increases cell protection activity of the receptors
against infection with HRV2.
3.2. The HRV2–V123 complex
Crystals of the HRV2–V123 complex were almost isomorphous
to those of the HRV2–V23 complex [8]. Therefore, structure deter-
mination and analysis was performed by using the same protocols.
However, in the HRV2–V123 complex the averaged maps showed
clear density only for residues in close contact with the virus
(Fig. 1, right panel). In addition, discrimination between the mod-
ule(s) bound (V1 and/or V2 and/or V3) was not possible due in part
to the high sequence similarity of the three repeats. The averaged
maps could account for V1, V2, and V3 arranged in the same dispo-
sition around the ﬁve-fold axis, binding to adjacent sites, and con-
tributing equally but leaving two unoccupied sites at each
pentamer. Despite this complication we also employed the V3
model to explain the observed density. Initial maps allowed posi-
tioning residues from Gln16 to Cys30 only but further reﬁnement
cycles permitted Cys3, which is bonded to Cys17, and Ile5 to
Ser9 to be positioned. Reﬁnement was performed taking into ac-
count 60% occupancy for the receptor.
Binding assays employing phage display demonstrated that V1
alone (as well as V111) bind HRV2 very weakly or not at all while
binding of the single modules V2, V3 and V5 was ascertained
[7,24]. These results strongly suggested that the conserved Trp
was necessary but not sufﬁcient for virus-receptor interaction.
Comparing models (based on the structure of the HRV2–V3 com-
plex) in which V3 (Fig. 2, upper panel) was replaced with V2
(Fig. 2, middle panel) or V1 (Fig. 2, lower panel) suggests that some
of the interactions between virus and V3 are lacking for the other
modules; these are, for V3, hydrogen bonds between Glu27 and
Asn1088 and for V1, in addition, hydrogen bonds between Gln16
and Thr1085. However, the 60% occupancy observed in the
HRV2–V123 crystal structure reported here (as compared with
the 80% occupancy previously reported for the HRV2–V23 com-
plex) is in agreement with one V123 molecule being bound perand all non-binding K-type viruses (e) represented by the superposition of semi-
receptor oriented as in (a); (c) surface of the receptor after rotation of 180 degrees as
on (from two adjacent copies of VP1) of HRVs known to recognize the receptor; (e)
o recognize the receptor. (Red = negatively charged; blue = positively charged;
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the overall binding strength when combined with the other mod-
ules; it corroborates the slightly higher virus neutralization efﬁ-
ciency of V123 as compared to V23 [8].
The ﬁnal averaged density map of the HRV2–V123 complex
showed no signiﬁcant differences in the HRV2 structure when
compared with the HRV2–V23 structure [8]. Only the extra density
accounting for the pocket factor, a fatty acid residing in a
hydrophobic pocket of VP1, was smaller than that previously ob-
served in the virus alone or in its complex with V23 (data not
shown); it was ﬁtted with a 7-carbon atom fatty acid. Possibly,
conditions of growth, serum batch, and/or differences in virus puri-
ﬁcation lead to incorporation of different pocket factors. Indeed a
mixture of fatty acids of different length was found in a bovine
enterovirus [25].3.3. Why do K-type viruses fail to bind VLDLR?
As previously pointed out, Lys224 of VP1 is the only residue
conserved within minor group HRVs. However, the ‘‘K-type”
viruses HRV8, 18, 24, 40, 54, 56, 58, 85, 95, and
98, also possess a lysine at the equivalent position [2]. Based
on: (i) neutralization by soluble ICAM-1 [26], and (ii) absence of
neutralization by MBP-V33333 [2] they are ‘‘true” major group
HRVs. Recent experiments using virus overlay blots suggest that
some of the K-type viruses bind V33333 very weakly, however,
interaction with LDLR or LRP [27,28] was undetectable. Therefore,
the lysine in the HI loop of VP1 is not sufﬁcient to confer afﬁnity for
LDL-receptors. We hypothesized that the lack of interaction be-
tween K-type HRVs and LDL-receptors could be due to electrostatic
repulsion forces. Therefore, we modelled the electrostatic potential
surface at the receptor footprint for minor and K-type HRVs by
using the available X-ray structures of HRV2 and HRV1A, and of
the related major group virus HRV16 as templates. Whereas, for
HRV2 a patch of positive potential was found at the receptor-con-
tact area for HRV2, unevenly distributed negative charge was
apparent in the K-type HRVs (data not shown). This made us be-
lieve that not the position of the charges but rather the overall
electrostatic potential might govern receptor discrimination.
Therefore, we superimposed semitransparent models of all minor
group HRVs and all K-type HRVs. This method highlights common
denominators within the groups and revealed a diffuse, otherwise
not tangible property of the viral surfaces; in minor group HRVs
the negatively charged surface of the receptor faces a positively
charged region, while in K-type viruses such a positive surface po-
tential is absent (Fig. 3). The representation used here now con-
vincingly illustrates the role of an overall positive surface
potential in minor group virus recognition. It reinforces the
hypothesis that receptor-binding relies on a combination of cou-
lombic attraction, charge-complementarity, and hydrophobic
contact.
In summary, we present structural evidence for LDL-receptors,
exempliﬁed by V33333, to bind minor group rhinoviruses via mul-
tiple receptor modules by adopting a ring-like conformation
around the vertices of the virion. This unique geometry allows
for recognition of twelve different HRV types via cooperating
low-afﬁnity interactions achieving high-avidity for viral surfaces
featuring a single conserved lysine residue and a diffuse positive
surface potential.
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